The photosynthetic green alga Chlamydomonas reinhardtii is capable of performing a complex fermentative metabolism which is related to the mixed acid fermentation of bacteria such as Escherichia coli. The fermentative pattern includes the products formate, ethanol, acetate, glycerol, lactate, carbon dioxide and molecular hydrogen (H 2 ). H 2 production is catalysed by an active [Fe]-hydrogenase (HydA) which is coupled with the photosynthetic electron-transport chain. The most important enzyme of the classic fermentation pathway is pyruvate formate-lyase, which is common in bacteria but seldom found in eukaryotes. An interaction between fermentation, photosynthesis and H 2 evolution allows the algae to overcome long periods of anaerobiosis. In the absence of sulphur, the cells establish a photofermentative metabolism and accumulate large amounts of H 2 .
Introduction
The unicellular green alga Chlamydomonas reinhardtii is a plant organism that shares many features with its younger relatives, the higher plants. For example, the photosynthetic apparatus in the single chloroplast of C. reinhardtii is quite similar to that in leaves. However, this alga shows some characteristics that are quite uncommon in plants or eukaryotes.
C. reinhardtii can produce molecular hydrogen (H 2 ) under special conditions [1] , which is seldom found in the kingdom of eukaryotes and has not been detected in higher plants to date. H 2 evolution is catalysed by an active [Fe]-hydrogenase (HydA), which is localized in the chloroplast and coupled with the photosynthetic electron-transport chain by ferredoxin PetF [2, 3] . Because of the O 2 sensitivity of HydA, H 2 production is only observed under anaerobic conditions [4] . The evolution of hydrogen usually goes hand-in-hand with the production of other, more classic fermentative products. This short review summarizes known results and new data to build a working model of the process of photofermentation in C. reinhardtii.
The initial experiments to examine the hydrogen metabolism and fermentative metabolism of C. reinhardtii were performed in artificial systems in which oxygen was replaced by inert gases such as argon or nitrogen. In these systems or in sealed cultures kept in the dark, fermentative products such as formate, ethanol, acetate, CO 2 and small amounts of lactate and glycerol were detected [5, 6] . The production of formate in the ratio of 2:1:1 relative to ethanol and acetate Key words: anaerobic metabolism, Chlamydomonas reinhardtii, hydrogenase, photofermentation, pyruvate formate-lyase, sulphur deprivation. Abbreviations used: PDC, pyruvate decarboxylase; PFL, pyruvate formate-lyase; PS I/II, photosystem I/II; PTA, phosphotransacetylase. 1 To whom correspondence should be addressed (email thomas.happe@rub.de).
was ascribed to the enzyme PFL (pyruvate formate-lyase) [6] . PFL is widespread in bacteria [7] [8] [9] but seldom found in eukaryotes [10] . Hydrogen, however, is only a minor product in the dark and only transiently produced in light since HydA is rapidly inhibited by oxygen evolved by PS II (photosystem II).
A physiologically significant H 2 evolution of C. reinhardtii can be observed when the cells are deprived of sulphur [11] . Under these conditions, the algae stop growing and accumulate starch. The absence of sulphur forces the algae to reorganize the whole metabolism. A sustained anaerobiosis is established, which is characterized by a strong H 2 accumulation accompanied by the production of ethanol and formate [12] . Photosynthetic oxygen evolution decreases since PS II is down-regulated [11] . After approx. 20 h, respiratory O 2 consumption overcomes photosynthetic O 2 evolution and the culture begins to pass into the anaerobic phase.
Recently, it was shown that, in the absence of sulphur, the fermentative pathway occurs coincidentally with H 2 production in the light [12] (A. Hemschemeier, M. Stirnberg and T. Happe, unpublished work). The accumulation of formate together with ethanol already indicated the activity of PFL as it was proposed in earlier studies on shortterm fermentation [6] . There is strong evidence now that C. reinhardtii is one of a few eukaryotes harbouring an active PFL pathway of fermentation and additional pathways, which, together with the hydrogenase, allow this aerobic organism to survive long periods of anaerobiosis.
First, the pfl gene is transcriptionally co-induced with the hydA gene (A. Hemschemeier, M. Stirnberg and T. Happe, unpublished work). It was shown by Northern-blot analyses and reporter gene studies that the hydA gene is transcriptionally regulated by the oxygen level [13] (A. Hemschemeier, M. Stirnberg and T. Happe, unpublished work). A short promoter fragment around the transcription start point is responsible for the anaerobic activation of hydA transcription [13] . The very similar transcript patterns of hydA and pfl in Northern-blot experiments indicate an oxygen response also for the pfl gene. The regulation of PFL in E. coli occurs mainly on the transcriptional level: the pfl gene is expressed constitutively, but on anaerobiosis transcription increases approx. 15-fold [14] .
Secondly, PFL is also regulated on the protein level. The catalytic activity of the E. coli PFL depends on the adjacent cysteine residues 418 and 419 and the glycine radical 734, which is post-translationally modified by a PFL-activase (PflA) [14] . The conserved residues and the sequence recognized by PflA (RVSGYAV) are also found in the predicted algal PFL protein. In C. reinhardtii, a cDNA fragment similar to known bacterial pflA genes has been reported (PubMed BE025007). The whole cDNA was isolated (A. Hemschemeier, M. Stirnberg and T. Happe, unpublished work) and the deduced amino acid sequence shows the same features as known PflA proteins, e.g. the highly conserved CX 3 CX 2 C motif, which is supposed to co-ordinate the active-site FeS cluster of PflA [15] .
Thirdly, the PFL pathway, which starts with the thioclastic cleavage of pyruvate into formate and acetyl-CoA, includes many more enzymes (Figure 1) . Acetaldehyde dehydrogenase and alcohol dehydrogenase convert acetylCoA into ethanol, thereby regenerating two NAD + per molecule of acetyl-CoA. The latter can also be converted into acetate by PTA (phosphotransacetylase) and acetate kinase, a reaction producing one ATP per acetyl-CoA (Figure 1) . Computer-based analysis of the C. reinhardtii genome (JGI Chlamydomonas reinhardtii v2.0, http://genome.jgipsf.org/chlre2/chlre2.home.html) confirmed the occurrence of the respective genes. Reverse transcriptase-PCR studies have shown that alcohol dehydrogenase and PTA are transcriptionally induced during sulphur deprivation (A. Hemschemeier, M. Stirnberg and T. Happe, unpublished work). Interestingly, in C. reinhardtii, the activities of acetaldehyde dehydrogenase and alcohol dehydrogenase are probably combined on one protein complex as it is reported for the Escherichia coli AdhE protein [14] . The predicted AdhE enzyme of C. reinhardtii shows 53% identity when aligned to E. coli AdhE. Western blots performed with antibodies against E. coli AdhE show a significant cross reaction with C. reinhardtii protein extracts and an accumulation of the respective protein on sulphur deprivation (A. Hemschemeier, M. Stirnberg and T. Happe, unpublished work).
Fourthly, PFL enzymes can be competitively inhibited by hypophosphite, an analogue of formate. In sulphur-deprived algae, 10 mM hypophosphite causes an almost complete arrest of formate production. On the other hand, ethanol production is not significantly influenced by hypophosphite, indicating a second way of ethanol production. The algae could produce ethanol from pyruvate via PDC (pyruvate decarboxylase) and alcohol dehydrogenase as in the alcoholic fermentation of yeast [6] (A. Hemschemeier, M. Stirnberg and T. Happe, unpublished work). C. reinhardtii possesses a gene for PDC that is transcribed. The switch to this alcohol fermentation in hypophosphite-treated C. reinhardtii cultures is also evidenced by a stronger CO 2 accumulation of these cultures compared with untreated cells.
To our knowledge, C. reinhardtii is the first organism that can produce ethanol through two different pathways (PDC and PFL). In addition to anoxic living bacteria, the PFL fermentation was demonstrated also for photosynthetic cyanobacteria [8] . Alcohol fermentation via PDC is also carried out in higher plants during short periods of anoxia, e.g. in seeds before germination or in roots surrounded by water-logged soil [16] .
Altogether, the results on the fermentative metabolism of C. reinhardtii draw a complex picture of the capacity of the alga to deal with a variety of environmental conditions. In an optimal environment (light, O 2 , CO 2 and mineral salts), the alga behaves like a plant and performs an assimilating photosynthetic metabolism. However, C. reinhardtii also has the capacity to survive in less optimal surroundings. This adaptation strategy resembles the flexibility of bacteria.
The most striking difference between C. reinhardtii and higher plants is the light-dependent H 2 production of C. reinhardtii [17, 18] . Especially in the absence of sulphur, when reductive pathways such as the assimilation of CO 2 are unfavourable, the hydrogenase can act as a sink for photosynthetic electrons to prevent overreduction of the electrontransport chain and photo-oxidative damage. With the help of HydA, C. reinhardtii can use parts of the photosynthetic electron-transport chain to produce ATP and to dispose of electrons while minimizing the oxidative reactions at PS II. There is new evidence that the cells use the starch reserves that they build up in the first hours of nutrient deprivation to feed electrons into the photosynthetic electron-transport chain through the so-called chlororespiratory pathway [19] . Thereby, active electron transport can occur from starch to the hydrogenase via plastoquinone and PS I, allowing the discharge of light energy and the production of ATP (Figure 2) . The second significant difference between C. reinhardtii and other herbal organisms is the fermentative metabolism of the alga, which is exceptional, both regarding the products and the complexity. The algae mostly use PFL for the catabolism of pyruvate.
Only a simple fermentative pattern was described for higher plants that encounter anaerobiosis. Usually, anaerobic plant cells produce ethanol or lactate or switch between these two pathways [16] . Cells of higher plants usually cannot tolerate anaerobiosis for more than a few hours. One wellknown exception is rice, whose fermentative metabolism is also quite complex. The products of anaerobic metabolism of C. reinhardtii are completely different from those of plants. They resemble those of facultative anaerobic bacteria such as E. coli. The PFL pathway is quite favourable, since it allows the reoxidation of NADH by ethanol production as well as additional ATP generation in the acetate branch (Figure 1 ). The appearance of glycerol and lactate and the activity of PDC offer a further expansion of fermentative complexity.
The anaerobic metabolism of sulphur-deprived C. reinhardtii cells is very special in combining a low-level photosynthetic and respiratory activity with H 2 production and classic fermentative pathways. The superior motif of this metabolism is an excess of electrons, which results from ceased activity of the Calvin cycle and other reductive pathways and a low O 2 concentration. The algae react to these unfavourable conditions with a whole symphony of tools, which allow the cells to survive for a long time and classify C. reinhardtii as an organism in between its ancestors the bacteria and its descendants the higher plants.
